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FOREWORD 
This  r e p o r t  was prepared by Ar thur  D. L i t t l e ,  Inc., cambridge, Massachu- 
se t t s ,  and i s  a summary o f  the e f f o r t s  dur ing  the  pe r i od  24 October 1972 
t o  30 September 1973 under Contract  No. NAS8-29145, "Development o f  Tech- 
niques f o r  Processing Metal-Metal Oxide Systems." It assembles i n  a 
s i n g l e  document the  r e s u l t s  o f  the program which have been presented 
o r a l l y  dur ing meetings w i t h  the  COR a t  NASAIMSFC and by means o f  the  
Monthly Progress Reports. The repo r t  i s  the  F ina l  (Phase 1)  Report re-  
qu i r ed  under the terms o f  the  con t rac t  and served as the  bas is  f o r  a 
dec is ion  by t he  Government t o  r e j e c t  Phases 2 and 3 o f  the program. 
I t  has been the  ob jec t i ve  o f  e f f o r t s  under Phase 1 3 f  t h i s  program t o  
develop techniques f o r  producing model metal -metal oxide sys tems f o r  
the purpose o f  eva lua t lng  the r e s u l t s  o f  processing such systems i n  a 
low g r a v i t y  environment. This has inc luded the se lec t i on  of mate r ia l s  
p roper t ies  such as wet tab i  1 i t y  , densi t y  d i f f e rence  and sample processing 
techniques on the ma t r i x  s t r u c t u r e  and ox ide d i s t r i b u t i o n  of a metal-  
metal oxide system. It has been a f u r t h e r  ob jec t i ve  o f  Phase 1 t o  con- 
s i d e r  and propose an experiment f o r  s tudy ing the e f f ec t s  o f  processing 
such sys tem i n  a low g r a v i t y  environment i n  the appropr ia te  low-g t e s t  
f a c i l i t y .  
The ob jec t i ves  of Phases 2 and 3 o f  the program, as s t a ted  i n  Modi f ica-  
t i o n  No. 2 t o  Contract  Yo. NAS8-29145 were: 
Phase 2: To design ampoules requ i red  f o r  the proposed experiment; 
t o  prov ide the metal -metal oxide samples f o r  processing 
i n  MSFC low g r a v i t y  f a c i l i t i e s ;  and t o  eva luate the r e s u l t s  
by comparison o f  the samples processed i n  low g r a v i t y  
w i t h  i d e n t i c a l  samples processed under low-g condi t ions.  
Phase 3: To d e f i  ne f o l  1 ow-on experiments f o r  f u t u r e  opportuni  t i e s  
i n  sounding rockets,  a Sky1 ab-type f a c i l  i t y ,  s h u t t l e  
s o r t i e  mission, e tc .  
The program was o r i g i n a t e d  and managed by the George C. Marshal 1 Space 
F l i g h t  Center under the  technica l  d i r e c t i o n  o f  M r .  I. C. Yates. 
The work performed by the Mate r ia l s  Sect ion o f  the  Physical  Sciences 
Group, w i t h  M r .  P h i l i p  C. Johnson as P r i n c i p a l  I nves t i ga to r .  The tech- 
n i c a l  personnel who supported t h i s  program are; 
Dr. John S. Haggerty, Mate r ia l s  S e c t i o ~  
Dr. D. W i l l  iam Lee, Sect ion Leader, Mate r ia l s  Sect ion 
Dr. John L. O'Brien, Mate r ia l s  Sect ion 
Dr .  Edward T. Peters, Mate r ia l s  Sect ion 
M r .  Michael Rosset t i  , Mater ia l s  Sect ion 
The advice o f  Pro f .  Donald R. Uhlmann o f  t h e  Massachusetts I n s t i t u t e  o f  
Techno1 ogy i s  g r a t e f u l l y  acknowledged 1,: r discussions re1 a t 1  ng t o  the  
in te rac t ions  between p a r t i c l e s  and a sol id -1  i q u i d  i n t e r f a c e .  
I . INTRODUCTION 
The we igh t l ess  environment o f  space f l i g h t  o f f e r s  an o p p o r t u n i t y  t o  pro-  
duce unique m a t e r i a l  s. One type o f  process which appears p a r t i c u l a r l y  
a t t r a c t i v e  i s  t he  s o l i d i f i c a t i o n  o f  m a t e r i a l s  f rom a  f u l l y  l i q u i d  s t a t e  
o r  from a  mixed s o l  i d - 1  i q u i d  system. The impor tan t  f a c t o r s  which can 
be considered unique t o  a  low g r a v i t y  process a re :  1  ) absence o f  g r a v i t y  
segregat ion  o f  components hav ing d i f f e r e n t  d e n s i t i e s ,  2) e l i m i n a t i o n  o f  
convect ive  e f f e c t s  i n  the  l i q u i d  due t o  compos i t ion  o r  thermal d e n s i t y  
d i f f e r e n c e s  i n  a  l i q u i d  and 3) increased prominence o f  su r face  tens ion  
e f f e c t s  . 
M a t e r i a l s  which a r e  p a r t i c u l n r l y  promis ing i n  t e r n s  o f  low g r a v i t y  pro-  
cess ing a re  mu1 ti phase m a t e r i a l s  i n  which the re  a r e  s i g n i f i c a n t  d i f f e r -  
ences i n  d e n s i t y  between the  phases. Th is  program i s  based on t h e  de- 
velopment o f  a  model o f  a s p e c i f i c  type o f  such mu1 t i phase  m a t e r i a l - - a  
d i s p e r s i o n  o f  metal ox ides i n  a  metal  m a t r i x ,  r e p r e s e n t a t i v e  o f  h i g h e r  
me1 t i n g  p o i n t  composite ma te r i  a1 s  o f  t echno log ica l  importance. The 
m a t e r i a l s  systems i s  n o t  in tended t o  model those t h a t  depend on a  s o l i d  
s t a t e  t rans format ion ,  f o r  example, t o  impar t  a  d i s p e r s i o n  o f  one phase 
w i t h i n  a  m a t r i x  o f  a  second phase, b u t  r a t h e r ,  a r e  m a t e r i a l s  i n  which 
i d e a l  l y  one phase goes through t h e  s o l  i d - 1  i q u i d - s o l  i d  phase t ransforma- 
t i o n s  w h i l e  the  o t h e r  remains a  s o l i d  th roughout  t h e  process ing proce- 
dure. The p a r t i c u l a r  s o l i d  phase t h a t  i s  p resen t  may va ry  i n  chemis t ry ,  
s i z e ,  morphology, volume f r a c t i o n  and i n t e r a c t i o n  w i t h  the  m a t r i x ,  6%- 
pending on t h e  s p e c i f i c  m a t e r i a l s  system. Some t y p i c a l  examples o f  
t e c h n i c a l  m a t e r i a l s  o f  t h i s  s o r t ,  which can span t h e  range o f  second 
phase p a r t i c l e  s i z e  , inc lude:  1)  metal -metal ox ide m a t e r i a l s ,  such as 
d i s p e r s i o n  strengthened a l l o y s  and t h e  va r ious  SAP m a t e r i a l s ,  2 )  whisker,  
f i b e r  and p a r t i c u l a t e  r e i n f o r c e d  metals,  3 )  cemented carbides,  4) a  
wide range o f  mu1 t i phase  systems which a re  e x e m p l i f i e d  by  f r i c t i o n  and 
b e a r i n g  m a t e r i a l s ,  and 5)  d ispersed nuc lea r  f u e l  and c o n t r o l  r o d  m a t e r i a l s .  
The process ing o f  these m a t e r i a l s  a re  s i g n i f i c a n t l y  l i m i t e d  and a f f e c t e d  
by  g r a v i  ty - induced e f f e c t s  t h a t  accompany process ing.  Typ ica l  l y ,  these 
m a t e r i a l s  must now be produced by powder m e t a l l u r g y  techniques i n  which 
t h e  1  i q u i d  phase i s  never present  o r  i s  1  i m i  t e d  t o  very  smal l  volume 
f r a c t i o n s  (such as i n  1  i q u i  d -phase-s in ter ing)  . Powder metal  1  u rgy  tech- 
n iques a re  n o t  immune t o  g rav i t y - i nduced  e f f e c t s ,  such as phase segre- 
ga t i on ,  even under b e s t  p r a c t i c e  o f  t h e  technology.  Powder m e t a l l u r g y  
i n h e r e n t l y  poses process ing d i  f f i c u l  t i e s  such as o x i d a t i o n  o f  t h e  i n -  
tended ly  d u c t i l e  o r  m a t r i x  powders and r e s i d u a l  p o r o s i t y  i n  the  f i n a l  
p roduc t .  Low g r a v i t y  process ing o f f e r s  t h e  o p p o r t u n i t y  f o r  c o n t r o l l e d  
d i s p e r s i o n  o f  a  so l  i d  metal  ox ide  phase i n  a  metal  m a t r i x  b y  me1 t i n g  
and s o l i d i f i c a t i o n  o f  t h e  metal  phase t o  a  f u l l y  dense composite m a t e r i a l .  
11. SUMMARY-PHASE 1 EXPERIMENTAL PROGRAM AND RESULTS 
- 
A. In t r oduc t i on  
The pr imary impetus f o r  the program, "Development o f  Techniques f o r  Pro- 
cessing Metal -Metal Oxide Systems" as o r i g i n a l l y  proposed by A r t hu r  D. 
L i t t l e ,  Inc., was the  r e s u l t s  o f  a  se r ies  of experiments performed on 
the Apol l o  14 mission dur ing  t he  t rans lunar  and t ransear th  coast per iods.  (1 )  
These invo lved  me l t i ng  and s o l i d i f i c a t i o n  o f  three general types o f  
mate r ia l s  sys tems : &. 
Precompressed powder compacts con ta in ing  dispersed p a r t i c l e s  
Ma t r i x  mate r ia l  w i t h  f i be r s ,  p a r t i c l e s ,  whiske -5 and/or gas 
Inmisc ib le  ma te r i a l s  dispersions. 
Ar thur  D. L i t t l e ,  Inc., con t r ibu ted  t o  t he  p lanning o f  these experiments 
and p e r f  rmed t he  cha rac te r i za t i on  of three of the  f l i g h t  and con t ro l  
samples . 9 2 )  
There was a t o t a l  o f  18 samples prepared f o r  processing dur ing  the 
Apo l lo  14 mission, o f  which on l y  11 were processed because o f  t ime con- 
s t r a i n t s .  I n  general, post-examination o f  these samples and t h e i r  ea r th -  
processed con t ro l  s  i nd i ca ted  t h a t  
Enhanced d ispers ion and d i s t r i b u t i o n  of the  f ibers ,  p a r t i c l e s  
and gases i n  t he  m a t r i x  were found i n  the space processed 
samples . 
Normally imn i sc i b l e  mixtures showed s tab le  d ispers ions 
unat ta inable  on ear th .  
Add i t i ona l  pa r t i c le -d ispersed  specimens were prepared f o r  t he  Apol l  o  15 
mission, b u t  were cancel 1  ed. These inc luded W spheres and B4C. p a r t i  c l  es, 
a t  two 1 oading percentages each, i n  precompressed In -B i  e u t e c t i  c  powders. 
These samples were subsequently kept i n  the  l i q u i d  s t a t e  over long per iods 
o f  t ime on e a r t h  i n  order  t o  i nves t i ga te  1-g segregat ion e f fec ts .  The 
expected segregat ion e f f e c t s  were no t  observed. It was pos tu la ted  t h a t  
p a r t i c l e  mot ion i n  t hs  l i q u i d  was impeded by l ack  o f  wet t ing,  perhaps 
due t o  the presence o f  a  gas f i l m  on the p a r t i c l e s .  
While the low g r a v i t y  composite me1 t i n g  experiments on the Apol l o  14 
mission showed t h a t  unique mate r ia l s  i n  terms o f  improved d ispers ions 
o f  second phases could  be produced, many more quest ions were ra i sed  by 
the resu l t s .  Some o f  these can be t raced  t o  the  i nab i  l i t y  t o  p e r f e c t  
the  procedures f o r  p repar i  ng mater i  a1 s  and experimental systems because 
o f  the  s h o r t  t ime between au tho r i za t i on  o f  t he  experiments and d e l i v e r y  
o f  the fl ight-qua1 i f i e d  experiment hardware package t o  the  Kennedy Space 
Center. Some o f  t he  more p reva len t  d i f f i c u l t i e s  were: 
1. Lack o f  Consistency o f  P o i n t  o f  Heat Removal. To some ex ten t ,  
t he  me1 t s  were i n  a f r e e - f l o a t  c o n d i t i o n  w i t h i n  the  capsules, so t h a t  
heat  was removed more o r  l e s s  a t  random places as opposed t o  one end (as 
r e q u i r e d  f o r  d i r e c t i o n a l  s o l i d i f i c a t i o n ) .  Th is  made i t  d i f f i c u l t  t o  
r e c o n s t r u c t  t he  so l  i d i  fi c a t i o n  sequence. 
2 .  Change i n  Volume on Freezing.  Coupled w i t h  the  l a c k  o f  c o n t r o l  
o f  f r e e z i n g  d i r e c t i o n ,  shr inkage o f  t h e  metal  i n  the  metal  m a t r i x  samples 
r e s u l t e d  i n  i n t e r n a l  shr inkage-  po ros i  t y .  While i n  general  t h i s  p o r o s i t y  
.cou ld  be d i s t i n g u i s h e d  f rom argon gas p o r o s i t y ,  i t  made e v a l u a t i o n  o f  t he  
gas d i s p e r s i o n  d i f f i c u l t .  
3 .  Non-wet tab i l  i t y  o f  t h e  P a r t i c l e s  and F ibe rs .  I n  many instances,  
t h e  d ispersed p a r t i c l e s  and f i b e r s  appeared n o t  t o  have been we t ted  by 
the  m e l t .  The combinat ion o f  l a c k  o f  c o n t r o l l e d  s o l i d i f i c a t i o n  d i r e c t i o n  
and the  presence of shr inkage p o r o s i t y  thus r e s u l t e d  i n  a r e d i s t r i b u t i o n  
o f  many o f  t h e  p a r t i c l e s  and f i b e r s  t o . t h e  shr inkage pores and t o  e x t e r -  
n a l  sur faces which were t h e  l a s t  t o  f reeze .  
I t  was be1 ieved  a t  t h e  o u t s e t  o f  t h i s  program t h a t  c o n t r o l  o f  hea t  removal 
o r  s o l i d i f i c a t i o n  parameters and compensation f o r  change i c  volume on 
shr inkage were the  l e s s e r  o f  t h e  pl.oblems t o  be overcome i n  t h e  develop- 
ment of an exper imenta l  package f o r  meaningful  1 ow g r a v i t y  experiments, 
i r regard less  o f  t he  s p e c i f i c  exper imental  f a c i  1 i t y  and t ime frame which 
m igh t  be e v e n t u a l l y  used f o r  t h e  Phase 2 experiments. These a r e  problems 
which can b a s i c a l l y  be so l ved  by  p roper  des ign o f  t h e  ampoule and t h e  
means o f  h e a t i n g  and coo l i ng .  Concurrent  w i t h  t h i s  program, hardware 
was be ing  developed under o t h e r  NASAIMSFC c o n t r a c t s  which c o u l d  be adapted 
t o  meet t h e  requirements f o r  small  mntal -metal ox ide  m a t e r i a l s  systems, 
once those systems had been developed by t h e  TRW Systems Group f o r  t h e  
p r o d u c t i o n  o f  homogenized a l l o y s  o f  immisc ib le  meta ls  was considered 
j o i n t l y  w i t h  t h e  NASAIMSFC COR, and i t  was agreed t h a t  t h i s  hardware, 
w i t h  minimal modi f i c a t i o n ,  cou l  d be adopted t o  p r  v i d e  a meaningful  1 ow 
g r a v i t y  exper iment f o r  t h e  drop tower f a c i l i t y .  (33 S i m i l a r l y ,  e x p e r i -  
mental packages c o u l d  be d e f i n e d  f o r  l o n g e r  t ime frame low g r a v i t y  ex- 
per iments such as sounding r o c k e t  f l i g h t s  and o r b i t a l  missions.  
Fcr t he  purposes o f  t h i s  program, i t  was concluded t h a t  t h e  drop tower 
f a c i  1 i ti es would be used f o r  t h e  1 ow g r a v i t y  experf  ments , and wi  t h  t h e  
agreement o f  NASAIMSFC under M o d i f i c a t i o n  No. 2 t o  Cont rac t  No. NAS8- 
29145, t h a t  A r t h u r  D. L i t t l e ,  Inc . ,  would supply t h e  design of  t h e  ampoule 
and s i x  metal-metal ox ide  samples f o r  t h e  purposes descr ibed under Phase 2.  
Actua l  f a b r i c a t i o n  o f  t h e  ampoules and the  remainder o f  t h e  exper imenta l  
package, such as ampoules, con ta ine rs ,  furnaces and quenching mechanism, 
would be p rov ided  by the  Government. 
The pr imary  o b j e c t i v e  of Phase 1 o f  t h i s  program has been t h e  i n v e s t i g a -  
t i o n  of t h e  metal  -metal ox ide  m a t e r i a l s  systems themselves. The p r imary  
c r i t e r i a ,  based on t h e  conc lus ions reached by the  Apo l l o  14 and 15 i n -  
v e s t i g a t i o n ,  have been: 
Wettab i l  i t y  o f  t h e  met21 oxide by the  metal ma t r i x  
i n  the l i q u i d  s t a t e  
I n c o r p o r a b i l i t y  o f  the  metal oxide i n t o  a m a t r i x  
systcin which w i l l  undergo a sol  i d - l i q u i d - s o l i d  
phase t ransformat ion sequence under low g r a v i t y  
condi t ions.  
I t  was recognized a t  the ou tse t  o f  t h i s  program t h a t  we t t i ng  o f  a metal 
ox ide by a l i q u i d  metal i s  no t  a t r i v i a l  problem. The technology de- 
veloped i n ,  f o r  example, t he  areas o f  so lder ing  and braz ing i s  l a r g e l y  
concerned w i t h  the uses o f  f luxes,  c o n t r o l l e d  atmospheres, o r  o the r  
means t o  remove oxides from metal surfaces i n  order  t o  ob ta in  a bond 
between a m  ob jec t  ( o r  metal p a r t i c l e  covered w i t h  i t s  ox ide)  and a 
l i q u i d  so lder  o r  braze ( o r  metal ma t r i x  which a t  some p o i n t  i n  processing 
i s  i n  the form o f  a 1 i q u i d ) .  For the  purposes o f  a metal-metal ox ide 
mate r ia l s  system, t h i s  a p p r ~ a c h  n a t u r a l l y  suggests a s a c r i f i c i a l  metal 
coa t ing  on the  metal oxide phase which can be f l uxed  and/or otherwise 
t r ea ted  t o  ob ta i n  we t t i ng  by the  l i q u i d  mat r i x .  The key drawback i n  
such systems i s  t h a t  the coat ings are usua l l y  s a c r i f i c i a l ,  and p u t  
extreme cons t ra in ts  on subsequent low g r a v i t y  processing. S a c r i f i c i a l  
coat ings a l t e r  the metal m a t r i x  composition, and i n  the extreme, may 
be completely scavenged from the surface o f  the ox ide and r e s u l t  i n  
dewet t i  ng . Coatings were employed f o r  t h i s  purpose on the p a r t i c u l a t e  
species i n  many o f  t h e  Apo l lo  14 experiments. The p o s t - f l i g h t  examina- 
t i o n  o f  these samples i nd i ca ted  t h a t  e i t h e r  the  p a r t i c l e s  were no t  wet 
t y  the l i q u i d  ma t r i x  i n  t he  f i r s t  instance, t h a t  they wet and subsequently 
aewet, o r  t h a t  they were no t  incorporated i n t o  the s o l i d  i n t e r f a c e  dur ing  
growth f o r  o t h e r  reasons e n t i r e l y .  The emphasis dur ing  the Phase 1 i n -  
ves t iga t ions  i n  t h i s  program has been on d i r e c t l y  w e t t i n g  metal-metal 
ox ide systems. Because o f  some degree o f  success achieved w i t h  these 
systems, coat ings have no t  been i nves t i ga ted  i n  t h i s  program, a1 though 
t h i s  op t ion  c l e a r l y  remains open as a means o f  ob ta in ing  i n i t i a l  we t t i ng  
o f  the oxide p a r t i c l e s  i n  metal-metal oxide systems. The k i n e t i c s  o f  
me1 t contamination and dewett ing o f  the p a r t i c l e s  due t o  complete d i s -  
s o l u t i o n  o f  the coat ings would have t o  be c a r e f u l l y  i nves t i ga ted  f o r  any 
proposed low g r a v i t y  experiments employing coat ings t o  achieve i n i t i a l  
w e t t i n g  o f  the p a r t i c l e s .  
With t he  emphasis on d i r e c t l y  we t t i ng  systems, the  technology and l i t-  
e ra tu re  f o r  j o i n i n g  glasses and ceramics d i r e c t l y  by means o f  molten 
metals has been more appropr ia te  background f o r  t h e  work conducted i n  
t h i s  program. However, t h i s  technology and l i t e r a t u r e  a re  bo th  q u i t e  
l i r n i  t ed  i n  terms o f  a d e t a i l e d  understanding o f  the  mechanisms whereby 
c e r t a i n  metals wet oxides, the techniques requ i red  t o  ob ta in  t h i s  wet t ing,  
and, i n  f ac t ,  what t h e  term "wet t ing"  a c t u a l l y  means i n  such systems. 
I n  t h i s  program, conventional c r i t e r i a  have been used. That i s ,  f,he 
a b i l i t y  t o  form low-contact-angle coat ings of t he  m a t r i x  a l l o y s  on the 
bu l k  oxides and on oxide p a r t i c l e s ,  w i t hou t  the occurrence o f  dewett ing 
upon reme l t ing  o f  the  a l l o y ,  has been considered t o  be pr imary evidence 
o f  w e t t i n g  i n  t h e  convent iona l  sense. The technology and l i t e r a t u r e  on 
g lass  and ceramic s e a l i n g  by mol ten metals,  though meagre, has t h e r e f o r e  
been used as a  guide t o  the  Phase 1  e f f o r t s .  
The importance of t h e  second p r imary  Phase 1  c r i t e r i o n  l i s t e d  above--the 
i nco rpo rab i  1  i t y  of  t he  metal  ox ide  i n t o  an advancing so l  i d i  f i c a t i o n  i n t e r -  
face--has become i n c r e a s i n g l y  recognized d u r i n g  t h e  Phase 1  e f f o r t s .  
There was much evidence i n  t h e  Phase 1  i n v e s t i g a t i o n s  t h a t  o x i d e  p a r t i c l e s  
were be ing wet b u t  t h a t  they  were be ing  r e j e c t e d  by  advancing s o l i d i f i c a -  
t i o n  i n t e r f a c e s .  A d e t a i l e d  examinat ion o f  t h i s  phenomenon was considered 
t o  be beyond the scope o f  t h i s  program. C l e a r l y ,  f o r e i g n  p a r t i c l e s ,  i n -  
c l u d i n g  meta l  ox ides,  a r e  very  o f t e n  i nco rpo ra ted  i n t o  c a s t  metal i ngo ts ,  
even though t h e i r  presence i n  t h i s  i ns tance  i s  g e n e r a l l y  regarded as un- 
des i rab le .  I n  a  r e l a t e d  NASA/FlSFC-funded program, General Dynamics has 
successfu l1  i nco rpo ra ted  f o r e i g n  p a r t i c u l a t e  m a t e r i a l s  i n t o  metal  
mat r ices .  (4Y) Some 1 i t e r a t u r e  e x i s t s  on t h e  i n t e r a c t i o n  between p a r t i c l e s  
and s o l i d - l i q u i d  inter faces,much o f  i t  t h e o r e t i c a l ,  and almost  e n t i r e l y  
devoted t o  p a r t i c l e s  i n  o rgan ic  o r  i c e  ma t r i ces  under growth c o n d i t i o n s  
f a r  removed f rom those contemplated for .  near- term low g r a v i t y  experiments. (5-7) 
Nevertheless,  p a r t i c l e  r e j e c t i o n  a t  growth i n t e r f a c e s  does occu r  and i s  
be1 ieved t o  have been observed i n  some experiments performed i n  t h i s  
program on metal -metal  ox ide  systems. Th2refore,  an i n c r e a s i n g  awareness 
o f  t he  p a r t i c l  e - r e j e c t i o n  phenomenon has developed d u r i n g  t h e  course o f  
these i n v e s t i g a t i o n s ,  and must be cons idered a t  l e a s t  on a  p r a c t i c a l  b a s i s  
i n  the  des ign o f  a  s p e c i f i c  low g r a v i t y  experiment i n v o l v i n g  metal  p ro-  
cess ing o f  metal-metal ox ide  sys tems. 
B. S e l e c t i o n  o f  M a t e r i a l s  
1. Metal M a t r i x  A l l o  s. The m a t e r i a l s  f o r  t h e  metal -metal  ox ide  
-+ systec were i n i t i a l l y  se ec ted  l a r g e l y  on t h e  b a s i s  o f  l i t e r a t u r e  dea l -  
i n g  w i t h  j o i n i n g  and s e a l i n g  o r  non-metal a t e r i a l s  by  e  a l s .  This(g)  T T 1  i t e r a t u r e  i s  l a r g e l y  reviewed i n  two re ferences,  Manko 8 and Kohl. 
Several o f  t h e  producers o f  low-mel t ing  p o i n t  a l l o y s  i n tended  f o r  use 
w i t h  non -meta l l i c  s o l i d s  were a l so  consul ted,  b u t  very  l i t t l e  h e l p f u l  
i n f o r m a t i o n  was obtained,  e i t h e r  w i t h  respec t  t o  t h e  optimum m a t e r i a l s  
o r  t o  techniques f o r  enhancing w e t t a b i l  i t y  of t he  ox ides.  
The c r i t e r i a  f o r  s e l e c t i o n  were: 
P o t e n t i a l  w e t t a b i l i t y  o f  ox ides by the  metal  
r Low me1 t i n g  p o i n t .  An upper l i m i t  was p laced a t  
t h a t  o f  pure aluminum (660°C). 
r S p e c i f i c  g r a v i t y  compat ib le w i t h  bo th  h i g h  ( g r e a t e r  
than 1  . 5 )  and 1  ow r a t i o s  between t h e  metal  and read i  l y  
ava i  1 ab le  metal ox ides . 
r Low t o x i c i t y  
r Low vapor pressure  
Chemical and phys i ca l  compatabi 1  i t y  o f  t h e  metal  , 
t h e  ox ide  and cand idate  capsule m a t e r i a l s .  
Readily ava i l ab l e  o r  produc ib le  i n  the Ar thur  D. 
L i t t l e ,  Inc., l abora to r ies .  
The metal ma t r i x  mate r ia l s  a c t u a l l y  se lected and eval  uaied t o  vary ing 
extents  are l i s t e d  below i n  Table I. 
TAELE I 
60Sn-40Pb 
90In-10Ag 
50In-50Pb 
I n d i  um 
59In-50Sn 
Densi ty (gmlcc) 
8.6 
8; 1 
9.1 
7.3 
7.7 
Me l t i ng  Po in t  (OC) 
182.2-290.6 
141 .O-237.5 
180-208.9 
156.7 (M.P.) 
11 7-1 25 
Sources: Ref. 8 and 10 
It should be noted t h a t  the  60Sn-40Pb a l l o y  was n o t  intended t o  serve 
as a ma t r i x  mate r ia l  f o r  the metal-metal ox ide systems, except under 
circumstances where non-wett ing o f  the  oxide was o r  might  be desired. 
I t s  pr imary purpose was f o r  use w i t h  p a r t i c u l a t e  copper under m i l d  
f l u xed  cond i t i ons  t o  eva luate experimental apparatus and procedures 
w i t h  a system i n  which we t t i ng  i s  assured. 
2. Fe ta l  Oxide Mate r ia l s .  Both alumina (A1203) and s i l i c a  (SiO2) 
were o r i g i n a l l y  s e l e c t e a n d i d a t e  metal oxide mate r ia l s  f o r  i nves- 
t i g a t i o n  i n  t h i s  program. Both have low dens i t i es .  Dur ing the  program, 
experimental work was performed on th ree  types o f  ma te r i a l s :  
Commercial p u r i t y  80 mesh A1203 g r i t  obtained from 
the Norton Company 
High densi ty,  h igh p u r i t y  A1203 mono l i t h i c  shapes o t  
Degussit Grade A123 obtained from Degussa, Inc .  This 
ma te r i a l  has a very h igh  dens i t y  (3.7-3.9 gm/cc) afid 
p u r i t y  (>99.5% A1 203) as quoted by the supp l i e r ,  
Typical  impur i t i es ,  determined independently by 
A r t hu r  D. L i t t l e ,  Inc . ,  are, i n  weight  percent, 
0.1 Si02, -05 Fe2C3, 0.2 MgO, 0.05 CaO and 0.20 Na20. 
I n  some instances, t h i s  mate r ia l  was b a l l  m i l l e d  
t o  ob ta i n  experimental quan t i t i e s  o f  h igh  p u r i t y  
r 1203 powder. 
Pyrex glass, e i t h e r  i n  mono l i th i c  shapes o r  as graded 
powders produced by ba i  1 m i  11 i n g  and screening o f  
Pyrex s l  ides . Pyrex i s  t he  p r o p r i e t a r y  trademark 
fo r  Corning Glass No. 7740. It i s  a low a l k a l i  
content  bo ros i l  i c a t e  glass, f r e e  from magnesi a-1 ime- 
z inc  group elements, heavy metals, antimony and arsenic .  
The major  c o n s t i t u e n t s  i n  Pyrex a r e  approx imate ly  80% 
Si02, 12%8203, 3XA1203 and 4iNa20. I t s  d e n s i t y  i s  
2.23 gm/cc and has a s t r a i n  p o i n t  o f  approx imate ly  
515OC and a s o f t e n i n g  p o i n t  o f  approx imate ly  820°C. 
A t  a l a t e r  stage i n  t h e  Phase 1 program, i t  was decided tha t ,  once the  
techniques f o r  p roduc ing composites us ing  A1203 and Pyrex had been de- 
veloped, some s o l i d i f i c a t i o n  experiments would be c a r r i e d  o u t  u s i n g  
oxides hav ing d e n s i t i e s  s i m i l a r  t o  those o f  t h e  metal  mat r ices .  
These experiments have n o t  been performed, b u t  a l i s t  of cand idate  
metal ox ides was generated. 
TABLE I 1  
Acp03 
CeOZ 
Dy203 
Eu203 
Ge203 
In203 
Ta203 
Tho2 
W03 
"O2 
Sources: Ref. 11 and 12 
Dens i t y  (gm/cc) 
9.19 
7.132 
7.81 
7.42 
7.407 
7.179 
8.2 
9.86 
7.16 
10.96 
M e l t i n g  P o i n t  (OC) 
---- 
2600 
2340 
2050 
2350 
C. Metal-Metal Oxide System Experiments 
1. I n t r o d u c t i o n ,  Two bas ic  approaches t o  t h e  p repara t i on  a f  
metal  -metal ox ide  samples were considered as p o s s i o i l  i t i e s  f o r  t he  
program. 
Cold, h o t  o r  i s o s t a t i c  p ress ina  o f  premixed powders o f  
t he  metal and t h e  metal oxide, w i t h o u t  me1 t i n g  o f  t h e  
m a t r i x  a l l o y  p r i o r  t o  t h e  low g r a v i t y  exper iments.  
P repara t i on  o f  samples by i n c o r p o r a t i o n  o f  t h e  metal  
ox ide  so l  i d  p a r t i c l e s  i n t o  t h e  mol ten m a t r i x  metal i o  
t h e  e a r t h  l a b o r a t o r y .  
The l a t t e r  approach, me l t  processing, c l e a r l y  has some disadvantages. 
Chief  among them i s  g r a v i t y  segregat ion o f  t he  samples i n  the  e a r t h  
laboratory .  However, i t  was be1 ieved t h a t  there were ways t a  overcome 
t h i s  problem. The s implest  approach would i nvo l ve  f a s t  quenching o f  a 
sample i n  which the oxide p a r t i c l e s  were dispersed by mix ing p r i o r  t o  
the  quench. I n  the  ea r t h  labora to ry ,  the re  would be obvious l in i  t a t i o n s  
on the s ize  o f  a  sample which could be prepared i n  t h i s  way, depending 
p r i m a r i l y  on the metal-metal oxide dens i t y  r a t i o  and on the  p a r t i c l e  
s i z e  and con f igu ra t ion .  An a1 t e r n a t i v e  approach whlch was considered 
would be feeding o f  the components i n t o  t he  sample as i t  i s  bz ing s o l i -  
d i f i e d  u n i d i r e c t i o n a l l y  i n  a  v e r t i c a l  , ,s i  t i o n .  
Me l t  processing, however, seemed the best  o f  t h e  two approaches f d r  a 
number o f  reasons. It was an t i c i pa ted  t h a t  spec ia l  procedures might  be 
requ i red  t o  ob ta in  we t t ing  o f  the metal oxide p a r t i c l e s ,  and t h a t  such 
we t t i ng  should be accomplished i n  t he  sample p r i o r  t o  low g r a v i t y  ex- 
periments. Moreover, some o f  the  r e s u l t s  o f  the Apo l lo  14 experiments 
suggested t h a t  processing of  the sample by powder meta l lu rgy  techniques 
n i g h t  lead t o  problems associated w i t h  remnant oxides on the metal ma t r i x  
powders which would remain s o l i d  dur ing the low g r a v i t y  experiments. 
These oxide sk ins could impede motion o f  both the  1 i q u i d  and t he  metal 
oxide p a r t i c l e s  and thus provide meaningless, l ess  usefu l ,  o r  misleading 
resu l  t s  . 
2 .  Mate r ia l s  Preparat ion.  As has been noted, 1  i t e r a t u r e  deal ing 
w i t h  t he  we t t i ng  of both c r y s t a l  l i n e  and glass metal oxides i s  1  i m i  ted, 
and the 1 i t e r a t u r e  on j o i n i n g  and sea l ing  was found t o  e  the  most help- 
Based on t h i s  l i t e r a t u r e ,  t l ~ e  three bas ic  c r i t e r i a  are:  
? fu1. (8,9) Add i t iona l  in format ion i s  provided by Belser  13) and ~ c ~ u i r e l l 4 )  
Conventional f l uxes  do n o t  promote we t t i ng  and, i n  f a c t ,  
i n h i b i t  i t, and t h e i r  presence must be c a r e f u l l y  avoided. 
The metal oxides must be thoroughly cleaned w i t h  an em- 
phasis on treatment i n  h i g h l y  o x i d i z i n g  sol  u t ions  fo l lowed 
by bak j -out  a t  350°C o r  higher.  
Mechanical abrdsion o f  the rr~ol t en  a l l o y  against  the metal 
oxide serves t o  form an adherent bond between the two. 
The bu lk  of the work i n  Phase 1 o f  t h i s  progi-am has been d i r ec ted  towards 
development o f  the optimur, mate r ia l s  t reatment p r i o r  t o  me l t  processinq, 
and the i n v e s t i g a t i o n  o f  a  number o f  ways i n  which metal oxide powders 
cou ld  be incorporated i n t o  the me1 t i n  the presence o f  s u f f i c i e n t  mechani- 
ca l  a g i t a t i o n  t o  promote we t t i ng  o f  the powders. 
The undes i ra3 i l  i t y  o f  conventianal f l uxes  was es tab l i shed  e a r l y  i n  the 
program. Several f l uxes  o f  the r o s i n  type were used w i t ! ,  several  o f  t he  
indium a l l o y s  and both alumina and Pyrex ovides. I n  a l l  cases, the f l uxes  
acted as a  b a r r i e r  t o  prevent adhesion. On t e s t s  w i t h  copper ae ta l  shot, 
the f luxes d i d  perform t h e i r  func t ion ,  removin the copper and a l l o y  oxides 
and r e s u l t i n g  I n  good we t t i ng  b* the i n d o y s .  
The procedure which was even tua l l y  ado?ted f o r  t r e a t i n g  the metal oxides 
i s  ou t l i ned  below: 
a. U? t rasonic  c lean ing i n  a b o i l  i i g  s o l u t i o n  o f  .I0 grams 
o f  NaOH p lus a few drops of commercial we t t i ng  agent 
i n  100 m i  o f  deionized water, fo l lowed by u l  t raso i l i c  
r i n s i n g  i n  deionized water. 
b. U l t rason ic  c lean ing i n  a b o i l i n g  s o l u t i o n  o f  5 grams 
o f  KMn04 i n  100 m l  o f  the deionized water, fo l lowed 
by u l t r a s o n i c  r i n s i n g  i n  deionized water. 
c. U l  t r asn " i c  c lean ing i n  a b o i l i n g  20% s o i u t i o n  o f  Hz02 
i n  deionized water, w i t h  severa drops of  ammonium 
hydroxide t 3  ad jus t  the pH t o  11 , fo l  lowed by u l t r a -  
sonic r i n s i n g  i n  deionized water, and isopropy l  
a1 cohol . The powder i s  s to red  i n  t he  i sopropyl a1 - 
cohol u n t i l  ready f o r  use. The alcohol  i s  then de- 
canted and t h e  powder d r i e d  and baked a t  325-350°C. 
In one experiment, Pyrex powder was f u r t h e r  prepared by baking under a 
vacuum o f  5x10-5 rm o f  tig. The powder was contaiced i n  a Pyrex beaker 
on a g raph i te  support which s l s o  funct ioned as a susceptor f o r  RF heating. 
While there was no means f o r  temperature measurement, baking was accom- 
p l i shed  by t u rn i ng  t h e  power on and of f  a t  a l e v e l  which would j u s t  cause 
the  susceptor t o  r ad ia te  v i s i b l y .  While thu subsequent attempts t o  i n -  
corporate t he  powder i n t o  50In-50Pb were no t  s u c c ~ s s f u l ,  i t  i s  be l ieved  
t h a t  f a i l u r e  was due t o  i n s u f f i c i e n t  a g i t a t i o n  of the melt ,  and t h a t  
vacuum baking o f  the powders i s  probably a usefu l  stage o f  powder pre- 
treatment. 
The a l l o y s  and a l l  metal components f o r  the var ious experiments were 
u l  t rason ica l  l y  degreased i n  t r i c l e n e ,  methyl a lcohol  and b r i e f l y  i n  
a 5% n i t a l  so l u t i on .  They were then s to red  i n  isopropy l  a lcohol  u n t i l  
ready f o r  use. 
3. Pre l iminary  Wett ing Tests -
3 )  Prel iminary  we t t i ng  t e s t s  were performed on mono1 i t h i c  
shapes o f  A1203 and Pyrex glass using the  a l l oys  l i s t e d  i n  Figure 1. 
The metal ox ide shapes Nere preheated i n  ai: t o  a temperature approxi-  
mately 100°C above the  l i q u i 1 4 s  temperature of the metal o r  a l l o y .  The 
a l l o y s  were appl ied t o  the  substrates w i t h  and w i t hou t  abrasion w i t h  a 
heated s ta i n l ess  stee: t o c i .  Without abrasion, indium, 90In-10Ag, 50In- 
5091, and 50In-50Pb were i p p l  i e d  by t h i s  method. The samples on t he  
l e f t  were appl ied w i t hou t  abrasia;), those on the r i g h t  w i t h  abrasion. 
Two preheated Fyrex s l i d s s  can be f i r m l y  j o i ned  by press ing a p iece o f  
the indium a1 loys  b e t ~ e e n  them. 
FIGURE 1 Three A1 1 oys Appl l e d  t o  Mono1 i t h f  c A1203 
Samples on the  Right Wiped on With a Hot 
Stain1 ess Steel  Spatula 
Pure ind ium i s  very  s o f t ,  and c h a r a c t e r i z a t i o n  procedures were thus a n t i -  
c ipa ted  t o  pose problems. Also, t h e  90In-1OAg d i d  show some tendency t o  
dewet on reheat ing .  F u r t h e r  work on t h e  program was t h e r e f o r e  performed 
us ing  the  53In-50Sn and 50In-50Pb a l l o y s .  These appeared t o  behave s i m i -  
l a r l y  i n  a l l  subsequent i n v e s t i g a t i o n s .  
b )  Manual m i x i n g  o f  metal-metal ox ide  m e l t s  - Much o f  t he  
,iork i n  t h i s  program in tended t o  wet metal  ox ide  powders and t o  prepare 
samples f o r  e a r t h  1  abo ra to ry  experiments u t i l  i z e d  s imple  manual ly  m i x i n g  
o f  t he  prepared A1203 and Pyrex powders and ind ium a l l o y s .  A  smal l  , 
simple resistan.ce fu rnace was cons t ruc ted  f o r  h e a t i n g  smal l  samples i n  *'. 
Pyre, beakers o r  o t h e r  conta iners .  P r o v i s i o n  was made f o r  temperature 
measurement, i n t r o d u c t i o n  o f  c o n t r o l  l e d  atma,pheres , and v iew ing  through 
the  f r o n t  o f  t h e  furnace, which was a  p iece  of Pyrex p l a t e .  
Wi thout  any m i x i n g  o r  abras ion o f  t h e  metal ox ide  powders i n  t h e  a l l o y  
me1 t, no w e t t i n g  cou ld  be achieved. H~wever ,  by  s imple  s t i r r i n g ,  t h e  
oxides i n  va r ious  forms cou ld  be i nco rpo ra ted  i n t o  t h e  metal  m a t r i x .  
Th is  manual m ix ing  technique, us ing  5  m l  Pyrex beakers, was used p r i -  
mar i  l y  d u r i n g  t h e  development o f  t he  m a t e r i a l s  p r e p a r a t i o n  procedures 
descr ibed above. F igu re  2a il l u s t r a t e s  a sample o f  501n-50Pb prepared 
i n  t h i s  manner, w i t h  80 mesh A1203 powder segregated towards t h e  t o p  o f  
the  sample due t o  g r a v i t y .  F igu re  2b i s  a  s i m i l a r  sample, except  t h a t  
i t  a l s o  conta ins  a  p iece  o f  m o n o l i t h i c  A1203 rod. The f l o w  o f  t h e  m a t r i x  
around the  r o d  seems t o  i n d i c a t e  w e t t i n g .  The sample i n  F igu re  2b a l s o  
has a  p o r t i o n  o f  the Pyrex beaker s t i l l  a t tached  t o  t h e  bottom. There 
i s  exce l  l e n t  adhesion; these samples were prepared f o r  examinat ion by 
b reak ing  o f f  as much o f  the beaker w i t h  a  hammer and then s e c t i o n i n g  w i t h  
a  diamond saw. S i m i l a r  r e s u l t s  have been ob ta ined  w i t h  m o n o l i t h i c  Pyrex 
p ieces and Pyrex as smal l  as 80 mesh. Attempts t o  i n c o r p o r a t e  s m a l l e r  
p a r t i c l e s  were n o t  successfu l .  I t  i s  b e l i e v e d  t h a t  t h e  s m a l l e r  p a r t i c l e s  
had l a y e r s  o f  su r face  mo is tu re  o r  gas d e s p i t e  bak ing  which prevented 
we t t i ng .  Manual m ix ing  w i t h  +200 -80 mesh Pyrex powders r e s u l t e d  i n  a  
mixed dross o f  t h e  powders and the  oxides o f  t h e  meta l  m a t r i x  a l l o y .  
c )  U l t r a s o n i c  m ix ing  - It was proposed t h a t  t he  i n t r o d u c t i o n  
o f  u l t r a s o n i c  energy i n t o  t h e  mixed metal -metal  ox ide  m e l t  m igh t  be a  
means f o r  successfu l  i n c o r p o r a t i o n  o f  f i n e r  powders i n t o  t h e  ma t r i ces .  
However, i n v e s t i g a t i o n  o f  t h e  equipment a v a i l a b l e  a t  A r t h u r  D. L i t t l e ,  
Inc . ,  and d iscuss ions b o t h  i n t e r n a l l y  and w i t h  t h e  u l t r a s o n i c  equipment 
vendors i n d i c a t e d  t h a t  t h i s  equipment was n o t  s u i t a b l e  f o r  t h e  in tended 
purpose. It had been proposed t h a t  an u l t r a s o n i c a l l y  d r i v e n  t i p  be 
immersed d i r e c t l y  i n t o  t h e  mixed me l t .  The problems t h a t  were foreseen 
us ing  t h i s  approach were 1  ) t h e  need t o  preheat  t h e  horn t o  m e l t  tempera- 
tu res  and y e t  ma in ta in  t h e  t ransducer  temperature a t  e s s e n t i a l l y  room 
temperature, w i t h  the  horn  a c t i n g  as a  very  l a r g e  heat  s ink ,  2) t h e  need 
t o  immerse the  horn t i p  a t  l e a s t  1.5 cm i n t o  the  m e l t  t o  a v o i d  f l e x u r a l  
f a i l u r e  o f  t h e  t i p ,  3 )  r a p i d  e ros ion  o f  t h e  horn by t h e  ox ides and 
4 )  c a v i t a t i o n  o f  t h e  m e l t  a t  t he  ox ide  p a r t i c l e  sur faces,  p o s s i b l y  r e -  
s u l  t i n g  i n  undes i rab le  c r e a t i o n  and entrapment of  vo ids .  
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FIGURE 2b Sample N19 80 Mesh A1203 Powder and 1/8 
Inch A1203 Rod Manually Incorporated into 
50In-50Pb 5 . 7 ~  
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I t  i s  s e i l l  b e l i e v e d  t h a t  u l t r a s o n i c  energy might  prove t o  be a  use fu l  
approach t o  p repara t i on  o f  t he  metal -metal o x i d e  systems. However, t h e  
equipment shou ld  be s i m i  l a r  t o  t h a t  s o l d  commercial l y  which i s  s p e c i f i -  
c a l l y  designed f o r  u l t r a s o n i c  so lde r ing .  An acous t i c  m i x e r  such as t h a t  
developed by the  TRW Systems Group might  a l s o  p r o v i d e  s u f f i c i e n t  energy 
bo th  f o r  ground p repara t i on  o f  samples and f o r  low g r a v i t y  experiments. (15) 
d)  E lec t romagnet ic  process ing - Several  a t tempts  were made t o  
u t i l i z e  e lec t romagnet ic  c o u p l i n g  d i r e c t l y  t o  t h e  metal  m a t r i x  t o  per form 
t h e  dual func t ions  of h e a t i n g  and mix ing.  Metal -metal  ox ide  systems 
were loaded i n t o  5 m l  Pyrex beakers and p laced  i n  t h e  c o i l  of  a  450 KHz 
genera tor  w i t h o u t  a  susceptor .  Me1 t i n g  was accompl i shed  very  q u i c k l y ,  
b u t  t h i s  f requency i s  t oo  h i g h  t o  cause s i g n i f i c a n t  s t i r r i n g .  I t  i s  
p o s s i b l e  t h a t  a  lower  frequency (below 10 KHz) m igh t  p rov ide  s u f f i c i e n t  
a g i t a t i o n  t o  promote w e t t i n g  as w e l l  as p rov ide  a  u n i f o r m  d i s p e r s i o n  o f  
t h e  ox ide  i n  the  ma t r i x ,  
e )  Mechanical c o a t i n g  - There was some evidence developed 
d u r i n g  the  nrogram t h a t  t h e  mechanism o f  w e t t i n g  might  i n v o l v e  w e t t i n g  
of the  metal m a t r i x  t o  i t s  own oxide.  M ix tu res  o f  Pyrex powder and 
i ~ i d i u m  a1 l o y s  were processed i n  a b a l l  m i l l  i n  t h e  s o l i d  s t a t e .  The 
powders were coated w i t h  what appeared t o  be t h e  meta ls  and t h e i r  ox ides.  
However, subsequent e f f o r t s  t o  i n c o r p o r a t e  these coated powders i n t o  
t h e  mol ten meta ls  by manual m ix ing  were unsuccessfu l .  
4. Metal -Metal Oxide Systems Prepared by Mechanical A g i t a t i o n .  - Based 
on t h e  ~ r e l i m i n a r v  w e t t i n q  t e s t s ,  i t  was concluded t h a t  a s i t a t i o n  o f  t h e  
me1 t s  was r e q u i r e h  which was somewhat more v igorous than t h a t  p rov ided 
by manual mix ing .  The m a t e r i a l s  p repara t i on  techniques were s t i l l  i n  
development, and success w i t h  manual m ix ing  was sporad ic .  
r\ t r i p 1  con ta ine r  was f a b r i c a t e d  f o r  e v a l u a t i o n  o f  techniques f o r  ob- 
t a i n i n g  mechanical a g i t a t i o n  by means o t h e r  than  s t i r r i n g .  Th is  con- 
s i s t s  o f  a  321 s t a i n l e s s  s t e e l  s leeve 6.35 mm (114 i n c h )  i n s i d e  diam- 
e t e r  by 25.5 mm (1  i n c h )  l ong  sample capsule which f i t s  i n s i d e  a  second 
con ta ine r .  These a re  then heated t o  t h e  d e s i r e d  temperature. The f i n a l  
o u t s i d e  c o n t a i n e r  i s  adaptable t o  a  v a r i e t y  o f  m i x i n g  equipment, i n c l u d i n g  
a  p a i n t  mixer ,  a  pneumatic v i b r a t o r ,  b a l l  - m i l  1s and i n d i r e c t  u l t r a s o n i c  
vm'bration. The heated c o n t a i n e r  c o n t a i n i n g  the  s leeve and the  sample i s  
i r ; s e r t e d  ' -';c the  c o l d  adapter  con ta ine rs  on the  m ix ing  equipment. 
I n i t ' q r  t e s t s  w i t h  t h i s  system i n d i c a t e d  t h a t  t h e  thermal  i n e r t i a  balance 
betk;en the  heated i n n e r  con ta ine rs  and t h e  c o l d  o u t e r  c o ~ t a i n e r  was 
n.,rginal i n  terms o f  t h e  m ix ing  t ime which cou ld  be ob ta ined  b e f o r e  t h e  
,nset o f  s o l  i d i  f i c a t i o n .  Nevertheless,  severa l  successfu l  samples were 
made us ing  60Sn-40Pb s o l d e r  w i t h  copper shot  as a  model system. S i m i l a r  
at tempts u s i n g  the  metal-metal ox ide  systems were unsuccessful ,  and 
a t t e n t i o n  ws; then refocused on m a t e r i a l s  p r e p a r a t i o n  techniques, manual 
m"x ing o f  samples i n  beakers, and p r e p a r a t i o n  of samples i n  t h e  i n n e r  
p o r t i c n  o f  the  shaker assembly by  manual ly  a g i t a t i n g  t h e  heated c o n t a i i e r  
~ h f i  t b jou t  i n s e r t i n g  t h e  h o t  con ta ine r  i n t o  the  c o l d  adapters f o r  t h e  var ious  
mix ing equipment. Subsequent success w i  t h  the metal sample capsule, par- 
t i c u l a r l y  when a small tungsten pes t l e  was inc luded i n  the  metal-metal 
oxide mix,sugges t s  t h a t  mechanical a g i t a t i o n  may nevertheless be a pro- 
mising processing approach. This would r e q u i r e  minimum redesign o r  modi- 
f i c a t i o n  o f  t he  assembly t o  provide a b e t t e r  heat balance between the  
ho t  and c o l d  conta iners  t o  permi t  longer  mix ing t imes. 
5. hetal-Metal  Oxide Systems and Experiments Prepared by the  
Various Techniques. As the  techniques f o r  mate r ia l s  preparat ion,  par- 
t icu1ar l .y  t h a t  o f  the  oxide powders were estab l ished,  successful  s a m ~ l e  
material; were produced by three techniques. 
Manual mix ing o f  the metal-metal ox ide me l t  fo l lowed by 
s o l i d i f i c a t i o n  i n  the beaker w i t h  attempts made t o  con t ro l  
the d i r e c t i o n  o f  s o l i d i f i c a t i o n  upwards o r  downwards. 
a Manual mix ing o f  the metal-metal ox ide me l t  fo l lowed by 
c h i l l  cas t ing  i n t o  a  g raph i te  mold. 
Manual a g i t a t i o n  o f  the  heated s tee l  sample conta iner ,  
again w i t h  attempts t o  con t ro l  the  s o l i d i f i c a t i o n  co rd i  t i ons .  
a)  A 50In-50Pb sample was prepared con ta in ing  a r e l a t i v e l y  
l a rge  volume f r a c t i o n  o f  +80 -60 Pyrex powder by manual mix ing i n  the  
beaker, fo l lowed by s o l i d i f i c a t i o n  by p l ac i ng  the  beaker on a c o l d  brass 
heat s ink.  A sec t ion  o f  t he  sample ind ica ted  t h a t  a  h igh  dens i t y  o f  
oxide powders had been incorporated and segregated a t  the  top. The 
sample was then i nve r t ed  180" i n  a  beaker and remelted and again so l  i- 
d i f i e d  on a c o l d  brass p l a te .  The Pyrex d i d  no t  segregate v e r t i c a l l y  
due t o  g r a v i t y  forces as expected. The experiment was repeated w i t h  
the same resu l t s .  The s t r uc tu re  a f t e r  the  second i nve r t ed  me l t  i s  
shown i n  Figure 3a. The sample has conformed t o  the  curvature o f  t he  
beaker bottom. There i s  apparent ly e i t h e r  some bridgSng between the  
p a r t i c l e s  a t  these h igh  volume loadings o r  the ma t r i x  i s  h igh  i n  ma t r i x  
oxide i n  t h i s  region, so t h a t  movement o f  the  p a r t i c l e s  i s  prevented. 
The etched mic ros t ruc tu re  a t  h igher  magn i f i ca t ion  Figure 3b suggests 
poss ib le  b r i dg i ng  o f  t he  Pyrex p a r t i c l e s ,  bu t  does n o t  i n d i c a t e  exces- 
s i ve  mat r i x  ox ide present. 
I t  was pos tu la ted  t h a t  the expected g r a v i t y  segregat ion might  be ob- 
served a t  lower volume f r ac t i ons  o f  the  metal oxide. Two sampl es were 
prepared by manual mix ing fo l lowed by ch i1  1  cas t i ng  i n t o  a  g raph i te  
mold, one w i t h  +80 -60 mesh Pyrex and one w i t h  +60 -35 Pyrex. Both had 
50In-50Pb matr ices.  I n  both cases, a  f a i r l y  low dens i ty  segregat ion 
of p a r t i c l e s  occurred a t  th2  top of the sample, as i nd i ca ted  by the  
+80 -60 sample shown i n  Figure 4, Sample N43. (The whole w id th  o f  the 
sample i s  no t  v i s i b l e  due t o  the microscope support  r i ng .  ) The sample 
con ta in ing  t he  +60 -35 mesh Pyrex was i nve r t ed  i n  a  beaker, remelted, 
then s o l i d i f i e d  f a i r l y  r a p i d l y  by p a r t i a l  i m e r s i o n  of  the  beaker i n  
water. The beaker cracked and "danced" around i n  the water pool ,  causing 
a s i g n i f i c a n t  amount o f  me l t  ag i t a t i on .  Water vaporized t o  form a gas 
FIGURE 3a Sample N37-2 Pyrex i n  50In-50Pb 
Af ter  Double Me1 t l n g  i n  the  Inver ted  
FIGURE 3b Sample N37-2 a t  Hiqher Magnif icat ion.  Small 
Whi te  Inc l  usidns a r e  Embedded Po l  i s h i n g  Media 62.5~ 
FIGURE 4 Sample N43 Pyrex Powder Incorpora ted  
I n t o  50In-50Pb by Manual ly  M ix ing  and 
Chi 11 Cast ing  7x 
void a t  the bottom of the sample, b u t  the Pyrex part icles in th i s  case 
resegregated t o  the new top of the sample, Figure 5a (Sample N41-2). 
I t  should be noted t h a t  the oxide part icles also tended t o  segregate 
towards the center of the top of the sample, a possible indication of 
rejection of the part icles a t  the interface growing in from the side 
of the sample. 
The second sample (+80 -60 mesh Pyrex) was also inverted, remelted and 
solidif ied more slowly on a copper heat sink (Figure 5b, Sample N43-2). 
!n this  case, there was no a ~ i  tat ion;  some of the oxide resegregated t o  
the t o p  while much of i t  remained a t  the bottom. Also, under these slow 
sol idif icat ion conditions, some of the Pyrex was observed to  be located 
on the top surface of the sample. This again may be an indication of 
part icle rejection by the solidif icat ion interface. 
b )  I t  has also been possible to  process metal-metal oxide 
samples in the metal capsule under certain conditions. The most suc- 
cessful sample i s  typified by Sample N47, Figure 6.  This required care- 
ful preparation of the materials as detailed in Section 11-C-2, loading 
the 2.54 cm (1 inch) long sample sleeve to  no more than one-half of i t s  
total  volume, and the inclusion of a small piece of tungsten t o  act as 
a pestle. The capsule was heatea, manually agitated and water quenched. 
Despite the rapid quench, the +SO -60 mesh Pyrex a1 1 segregated t o  the 
top of the sample. The tungsten, of course, segregated t o  the bottom 
and, somewhat surprisingly, was n o t  wet by the matrix (50In-50Pb). The 
tungsten i s  n o t  visible in Figure 6. 
c )  Sample N33, Figure 7 ,  i l lus t ra tes  many of the problems t h a t  
have been encountered in processing metal -metal oxide systems, The matrix 
in this  case was 50In-50Sn with +60 -35 mesh Pyrex powders. The mixture 
was abou t  20 v/o  powder, b u t  the capsule sleeve was only about one-ha1 f 
f i l l ed .  No tungsten pestle was used. The powder was loaded a t  the t o p  
of the alloy slug and melted in that position. After reaching approxi- 
mately 100°C superheat, the capsule was manually agitated and inverted 
on the brass heat sink. Referring to  Figure 7 ,  very 1 i t t l e  of the oxide 
has been incorporated into the matrix. Several pieces are trapped between 
the matrix and the stainless steel  sample sleeve. Most of the part icles 
have resegregated under gravity t o  the top of the sample as expected. 
However, some of them appear to  have been pushed ahead of the matrix 
solidif icat ion front and are only weakly adhered to the new top surface. 
In this  instance, white Pyrex powders f e l l  out of the capsule--a common 
occurrence during the early part of these investigations and an indica- 
tion that the powders were never wet by  the matrix i n  the f i r s t  place. 
FIGURE 5a Sample N41-2 Pyrex Powder i n  50In-50Pb.Sample 
I n v e r t e d  and S o l i d i f i e d  w i t h  A g i t a t i o n  7x 
F i ~ u r - e  5b Sample N43-2 Pyrex Powder i n  50In-50Pb. 
Sample I nve r t ed  and Sol i d i  f i e d  w i t hou t  
A g i t a t i o n  5 . 7 ~  
FIGURE 6 Sample N47 Pyrex Powder i n  50In-50Pb. Prepared 
by Manual Agi t a t !  on of Charge with Tungsten Pest1 e 
i n  the Steel Container and Water Quenched 1 G . 5 p  
FIGURE 7 Sample N33 Pyrex Powder f n  50In-50Sn 
Prepared by Manual Agf t a t fon  i n  the Steel  
Con t a  f ner 5 . 7 ~  
I I I. SUMMARY AND COMCLUS I O?iS 
A. Processing Techniques 
M a t e r i a l s  p repara t i on  t e c h n i q w s  and metal  -metal ox ide  systems 
processing methods have been developed which r e s ~ r l  t i n  w e t t i n g  
o f  metal  ox ides by ind ium and indium-base a l l o y s .  The two most 
e f f e c t i v e  a l l o y s  a r e  50In-50Sn and 50In-5QFb. I w ;  ve ry  d i f -  
f e r e n t  metal ox ides have been s u c c e s s f u ~  l y  wet, a1 u~,i!num ox ide  
( c r y s t a l l i n e )  and 2 b o r o s i l i c a t z  g l a s s .  I t  i s  n o t  ' )e l i?ved 
t h a t  t h e  b u l k  chemis t ry  o r  form of  t h e  ox ide  a r e  crur:iA1 lo 
w e t t i n g  and t h a t  o t h e r  metal  ox ides would be wet b s i nd ium 
a1 loys  us ing  t h e  same b a s i c  procedure. 
Two fac to rs  appear t o  be v i t a l  t o  t h e  achievement c .  . , ,~t ing 
(1)  thorough p r e p a r a t i o n  o f  t h e  metal  ox ides i n  h i g h l y  o x i -  
d i z i n g  media, f o l l owed  by d r y i n g  o r  bak ing o u t  o f  su r face  
mois ture ,  and ( 2 )  p rep repara t i on  o f  t h e  metal  -metal ox ide 
systems kri t h  mechanical a g i t a t i o n  o r ,  more p r e c i s e l y ,  i n  
the presence o f  some s i a n i f i c a n t  f l u i d  shear f low o f  t h e  
metal  f l u i d  a t  t he  metal-nietal ox ide i n t e r f a c e .  The r e q u i r e -  
ments appear t o  become more s t r i n q e n t  as t h e  metal  ox ide  
p a r t i c l e  s i z e  decreases. P a r t i c l e  s i z e s  smal l e r  than 177pm 
(80 mesh) cou ld  n o t  be success fu l l y  wet, w h i l e  uncleaned 
m o n o l i t h i c  ,41203 was wet w i t h  o n l y  a  g e n t l e  w ip ing  a c t i o n  
o f  t h e  mol ten a1 1  oy (F igu re  1  ) . 
Sample were s u c c e s s f u l l y  processed by  
1. Wiping o f  the  indl i rm a l l o y s  on preheated m o n o l i t h i c  
ox ide shapes w i t h  a heated t o o l  (F igu re  1  ) .  
2. Manual m ix ing  o f  t h e  mol ten ~ne ta l -me ta l  ox ide  systems 
i n  a  beaker f o l l o w e d  by  s o l i d i f i c a t i o n  i n  t h e  beaker. 
(Sample N34, F igures  3a and 3b) 
3. Manual m ix ing  o f  t h e  mol ten metal-metal ox ide  systems 
i n  a  beaker, f o l l owed  by c h i l l  c a s t i n g  o f  t h e  m e l t  i n  
a  g r a p h i t e  mold. (Sample N43, F igu re  4)  
4. Manual s g i t a t i o n  o f  t h e  mol ten metal -metal  ox ide  systems 
i n  a  s t a i n l e s s  s t e e l  c o n t a i n e r  w i t h  a  tungsten p e s t l e ,  
f o l l owed  by z water  quench o f  t h e  e n t i r e  con ta ine r .  
(Sample N47, F iqu re  6 )  
A l l  t h e  p a r t i c u l a t e  samples showed s i g n i f i c a n t  g r s v i  t y  segre- 
g a t i o n  of t h e  components. I n  the  e a r t h  l a b o r a t o r y ,  t h i s  
segregat ion  cou ld  n o t  be avoided, even by  c h i  11-cast ing  o f  
r e l a t i v e  small  samples, Low g r a v i t y  process ing can be expected 
t o  y i e l d  more homogeneous d i  spers i ons . 
Other techniques f o r  metal-metal ox ide  processing,  such as 
e lec t romagnet ic  and u l t r a s o n i c  s t i r r i n g ,  were cons idered o r  
pursued b r i e f l y  b u t  unsuccessful ly ,  l a r g e l y  because o f  t h e  
inappropr ia teness of  t he  ava i  1  a b l e  exper imenta l  ' apparatus 
fo r  t he  s p e c i f i c  experiments. I t  should n o t  be concluded 
t h a t  these a r e  n o t  p romis ing  approaches t o  t h e  processf  ng r f  
metal-metal  ox ide  systems. An a t tempt  was made t o  prepare 
a  sample by vacuum bak ing o f  t he  metal  powders w i t h  the  ob- 
j e c t i v e  of removing any remnant su r face  mo is tu re  o r  gases on 
the  sur face which m igh t  impede w e t t i n g .  The a t tempt  was 
unsuccessful  , b u t  i t  i s  be1 ieved t h a t  t h e  assoc ia ted mechani- 
c a l  m ix ing  was t o o  moderate i n  t h i s  case. Again, i t  shou ld  
n o t  be concluded t h a t  vacuum bak ing o f  t h e  prepared powders 
i s  n o t  a promis ing a d d i t i o n a l  t rea tment  t o  promote we t t i ng .  
B .  Behavior  o f  Metal-Fletal Oxide Systems I n  Ear th  
Labora tory  Sol i d i  f i c a t i o n  Experiments 
Whi l e  process ing o f  model metal -metal  ox ide  system e x h i b i t e d  
v a r i a b l e  r e s u l t s ,  as d e t a i l e d  i n  t h i s  r e p o r t ,  some samples 
w i t h  ox ide  p a r t i c l e  s i zes  o f  1 7 7 ~ m  (80 mesh) and g r e a t e r  were 
prepared by manual m i x i n g  o f  t h e  p r e t r e a t e d  m a t e r i  a1 s. Several 
phenomena were observed which would be s i g n i f i c a n t  i n  t h e  
des ign o f  any proposed low g r a v i t y  experiments w i t h  t h e  model 
metal-met21 ox ide  systems. 
Even under r a p i d  quench cond i t i ons ,  g r a v i t y  segregat ion  of 
p a r t i c l e s  of t h i s  s i z e  i s  ve ry  f a s t ,  r e s u l t i n g  i n  samples 
c o n t a i n i n g  ve ry  h i g h  volume percent  ox ide  con ten t  i n  t h e  
upper p o r t i o n s  (Sample N47, F igu re  6) .  Hhen i n v e r t e d ,  r e -  
me1 ted, and r e s o l  i d i  f i e d  under qu iescent  cond i t i ons ,  t h e  
expected resegregat ion  o f  t h e  ox ide  p a r t i c l e s  d i d  n o t  
occur, even though buoyancy fo rces  and growth i n t e r f a c e  
fo rces  bo th  ac ted  i n  a  d i r e c t i o n  which would be expected 
t o  force t h e  p a r t i c l e s  t o  t h e  o t h e r  end o f  t h e  samples. 
There was e i t h e r  i n t e r p a r t i c l e  b r i d q i n g  o f  t h e  p a r t i c l e s  
o r  l c c k i n g  because o f  t he  fo rma t ion  o f  m a t r i x  oxides i n  
t h e  m a t r i x  l o c a l l y .  
A t  lower  ox ide volume load ings,  w i t h  samples ob ta ined  by 
c h i l l  c a s t i n g  o f  a  manual ly  mixed system, i n v e r t e d  r e s o l i -  
d i f i c a t i o n  o f  t h e  samples r e s u l t e d  i n  t h e  expected reseg- 
r e g a t i o n  w i t h  f a i r l y  g e n t l e  a g i t a t i o n  o f  t h e  c r u c i b l e .  
(Sample N41-2, F igu re  5a) 
There i s  some evidence which suggests that ,  under ce r ta in  
s o l i d i f i c a t i o n  condit ions, even metal oxide p a r t i c l e s  which 
have been wet by the matr ix  melt  are re jec ted  a t  the advancing 
sol id-1 i q u i d  in te r face  (Sample N41-2, Figure Sa, i n  which 
cool ing occurred from both the bottom and the sides). A t -  
tempts t o  perform an experiment i n  which the buoyaficy and 
growth in te r face  forces opposed each other  were not 
successful. Growth in te r face  forces must be considered 
i n  the design and i n te rp re ta t i on  of low g rav i t y  experiments, 
since they could produce segregation ef fects which are 
independent o f  the presence o r  absence of buoyancy forces. 
I V .  RECOMMENDATIONS 
During the course o f  t h i s  program, i t  was agreed t h a t  the  emphasis o f  t he  
i nves t i ga t i ons  should be placed on t he  development of techniques f o r  pro- 
ducing metal-metal ox ide systems and an understanding o f  t h e i r  behavior 
i n  t he  ea r t h  labora to ry .  Near-term low g r a v i t y  experiments which might  
be proposed f o r  Phase 2 o f  t h i s  program would make use o f  e x i s t i n g  low 
g r a v i t y  experimental equipment o r  f a c i l i t i e s  which might  r equ i r e  on1 
minor mod i f i ca t ions  t o  adapt them f o r  the metal-metal oxide systems . f l 6 )  
The most s u i t a b l e  apparatus appeared t o  be t h a t  developed f o r  t he  drop 
tower f a c i  1 i t y  f o r  the  product ion o f  small bism t h - g a l l  ium a1 loys  (having 
1 i q u i d  i m n i s c i b i l i t y )  by t he  TRW Systems Group.!?) The heat ing system 
i s  adequate, s ince these a l l o y s  have 1 iqu idus temperatures s i m i l a r  t o  
those o f  t he  ma t r i x  a1 l oys  inves t iga ted  i n  t h i s  program. The coo l i ng  
system i s  more than adequate, s ince  the  so l idus - l i qu idus  gap i s  much 
g rea te r  f o r  the  bismuth-gal l ium system inves t iga ted  than i t  i s  f o r  the  
indium-based a l l oys .  I t  was recognized t h a t  heat ing o f  the sample i n  
the TRW apparatus i s  accomplished under s t a t i c ,  1-g cond i t i ons  which 
would lead t o  an i n i t i a l l y  segregated molten m t a l - m e t a l  ox ide system. 
Mod i f i ca t ions  o f  the TRW apparatus were suggested which would make i t  
s u i t a b l e  f o r  low g r a v i t y  experiments w i t h  metal-metal oxide systems. 
The pr imary mod i f i ca t ions  would be 
1. P rov is ion  f o r  r a p i d  i nve rs i on  o f  t he  sample con ta iner  by 
180" immediately p r i o r  t o  o r  dur ing the f i r s t  second o f  
drop. 
2.  Incorpora t ion  o f  permanent magnet around t he  sample con- 
t a i n e r  t o  damp o u t  the  i n t e r n a l  sample f l u i d  flow which 
would be caused by the  r a p i d  180" invers ion .  
Based on the  r e s u l t s  o f  the i nves t i ga t i ons  dur ing  Phase 1 o f  t h i s  program, 
the  low g r a v i t y  experiment o u t l i n e d  above f o r  Phase 2 i s  no t  recomended. 
The bases f o r  t h i s  conclusion are: 
1. The oxide br idg ing,  agglomeration, o r  l ock i ng  phenomenon 
which has t o  t h i s  p o i n t  prevented expected g r a v i t y  r e -  
segregat ion i n  t he  ea r t h  labora to ry  w i thou t  an appropr ia te  
amount o f  capsule ag i t a t i on .  
2. The d i f f i c u l t y  o f  producing low oxide volume percent metal- 
metal oxide samples i n  which the ox ide i s  wet. Such samples 
might be processed by f a s t e r  quenching o f  mel ts  i n  which 
f i n e r  oxide p a r t i c l e  s izes are incorporated. This might  
a l so  he lp  obv ia te  the oxide p a r t i c l e  l ock i ng  problems. 
3. The dewett ing o f  the  oxide p a r t i c l e s  and t h e i r  r e j e c t i o n  a t  
so l  i d -1  i q u i d  i n t e r f aces  was observed. The p a r t i c l e  s ize,  vo;ume 
f r a c t i o n  o f  the  oxide powder, and so l  i d i  f i c a t i o n  parameters 
upon remel t  are  no t  a t  t h i s  t ime s u f f i c i e n t l y  w e l l  def ined 
t o  design a meaningful low g r a v i t y  experiment. 
P r i o r  t o  the  design and implementation o f  low g r a v i t y  experiments f o r  
metal-metal oxide systems, i t  i s  reconmended t h a t  added work be c a r r i e d  
ou t  i n  t he  ea r t h  labora to ry  t o  f u r t h e r  r e f i n e  the  sample p repara t ion  
procedures and the  subsequent processing cond i t i ons  which w i l l  y i e l d  
t h a t  g rea tes t  amount o f  i nformat ion re1 a t i  ve t o  d i  f ferences between 
ea r t h  and low g rav i  t y  processing. The recomnended approaches are: 
Imprcvement i n  sample preparat ion procedures, w i t h  p a r t i c u l a r  
'reference t o  t he  enhancement o f  we t t i ng  o f  smal ler  s i z e  oxide 
p a r t i c l e s  by the  i n c l u s i o n  of a  vacuum bake-out procedure. 
The Ar thur  3. L i t t l e ,  Inc., M.P. Furnace i s  su i t ed  t o  t h i s ,  
( w i t h  the  c a p a b i l i t y  o f  mainta in ing vacuum o f  5-8x10-5 mm Hg) 
w i t h  mod i f i ca t ions  t o  enhance mechanical a g i t a t i o n  o f  t he  
system. Such mod i f i ca t ions  would be made on t h e  upper head 
by inc reas ing  i t s  r o t a t i o n a l  v e l o c i t y  c a p a b i l i t i e s  and design 
o f  a  more e f f i c i e n t  mix ing t o o l .  A1 t e r n a t i v e l y ,  i t  may be 
more appropr ia te  t o  in t roduce e i t h e r  acoust ic  o r  u l t r a s o n i c  
energy i n t o  t he  upper head t o  ob ta in  mechanical a g i t a t i o n  i n  
the v e r t i c a l  mode. A co l d  p l a t e  would be incorporated i n t o  
the furnace t o  enhance quenching by lower ing o f  the  sample 
conta iner  down onto i t  by means o f  the  bottom head o f  t he  
furnace. Means f o r  moni tor ing t he  temperature o f  t he  sample 
would a1 so be incorporated. 
2.  Mod i f i ca t i on  o f  sample p repara t ian  procedures using mechani- 
ca l  a g i t a t i o n  techniques by redesign o f  t he  metal sample 
conta iner  t o  permi t  extended mix ing i n  the molten s t a t e  
and quenching on the var ious ava i l ab l e  mechanical a g i t a t i o n  
equipment. This equipment can be used t o  prepare samples 
d i r e c t l y  o r  t o  f u r t h e r  prepare samples processed i n  the  
vacuum apparatus. 
3.  Conduct f ou r  bas ic  types o f  experiments i n  the ear th  
labora to ry  t o  de f ine  the subsequent remel t  behavior 
o f  the prepared metal -metal oxide systems. These are: 
P a r t i c l e s  a t  the  bottom o f  t he  sample, s o l i d i f i c a t i o n  
upon remel t  v e r t i c a l l y  unwards. 
r P a r t i c l e s  a t  the  bottom o f  t he  sample, s o l i d i f i c a t i o n  
upon remel t v e r t i c a l  l y  downwards. 
P a r t i c l e s  a t  the  top o f  t he  sample, s o l i d i f i c a t i o n  
upon remel t v e r t i  c a l l  y upwards. 
P a r t i c l e s  a t  the top  o f  t he  sample, s o l i d i f i c a t i o n  
upon remel t  v e r t i c a l l y  downwards. 
These experiments would serve t o  f u r t h e r  de f ine  t he  sample charac te r i s -  
t i c s  and experimental design and parameters requ i red  f o r  a  meaningful 
1  ow g r a v i t y  experiment on tile metal -metal oxide sys terns. 
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